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Hsp90-related protein Squint causes a spectrum of phenotypes including cyclopia and
midline bifurcations (MB). Here we examine MBs and their relation to cyclopia in maternal-zygotic squint
(MZsqt) mutants. There is a concordance of MB with cyclopia in MZsqt embryos. Heat treatment and
depletion of Hsp90a are “common” risk factors, each of which increases the incidence of both phenotypes.
Midline identity is speciﬁed on both sides of MBs, and deep-layer cells are initially lacking within
bifurcations, whereas enveloping layer cells are intact. Bifurcations do not appear until the completion of
gastrulation and are preceded by gaps in the expression of wnt5b, an essential regulator of dorsal
convergence. The incidence of early MBs and wnt5b expression defects in heated MZsqt embryos is high,
but there is also substantial recovery. Wnt5b depletion increases the incidence of MB, but not cyclopia, and
as such Wnt5b is a “unique” risk factor for MB. Reciprocally, depletion of Wnt11 or Hsp90b increases
cyclopia only. In summary, we ﬁnd that MB arises after gastrulation in regions that fail to express wnt5b,
and we show that two complex dysmorphologies – MB and cyclopia – can be promoted by either common
or unique risk factors.
Published by Elsevier Inc.IntroductionIn vertebrate development, the speciﬁcation of mesoderm and
endoderm depends largely on signaling by Nodal ligands of the TGFβ
superfamily (Whitman, 2001). For instance, zebraﬁsh carrying muta-
tions in two Nodal-related ligands Squint/ndr2 (Sqt) and Cyclops/ndr1
(Cyc) fail to form any mesoderm or endoderm, except in the tail.
Zebraﬁsh carrying mutations in only one of these Nodal-related
ligands have milder defects that can include cyclopia, an anomaly of
the face and forebrain.
Holoprosencephaly (HPE), a human equivalent of cyclopia, affects
approximately 1 in 15,000 human live births (Muenke and Beachy,
2000) and as many as 1 in 250 human embryos in utero (Matsunaga
and Shiota, 1977). The most frequently disrupted pathway underlying
human HPE is Shh signaling (Wallis and Muenke, 1999), whereas
zebraﬁsh cyclopia has been more commonly associated with Nodal
pathway mutations (Blader and Strahle, 1998). However instances of
Nodal pathwaymutations being associated with human HPE (Roessler
et al., 2008; Pei and Roessler, unpublished observations) and Shh
pathway perturbations causing zebraﬁsh cyclopia (Nasevicius and
Ekker, 2000) have been documented. In zebraﬁsh, mutations in
certain genes acting in canonical and non-canonical WNT signaling,).
nc.namely bozozok (boz) and, silberblick (sbl/wnt11), have also been
found to cause cyclopia.
Loss of functionmutations associatedwith humanHPE are typically
found in heterozygous states and display incomplete penetrance and
variable expressivity, leading to the proposal that HPE is a genetically
heterogeneous and complex disease whose etiology involves combi-
nations of multiple genetic and environmental insults (Ming and
Muenke, 2002). By contrast, a number of mutations causing zebraﬁsh
cyclopia are fully manifest (i.e., completely penetrant) when homo-
zygous, such as cyc (Hatta et al., 1991). In contrast to the situation
inferred from human patients, there are no known zebraﬁsh cyclopia
genes with heterozygous phenotypes. However some mutations,
namely sqt (Aoki et al., 2002), schmalspur/foxh1 (Pogoda et al., 2000;
Sirotkin et al., 2000) and boz (Solnica-Krezel et al., 1996), are variably
penetrant in their homozygous states. We have previously shown that
the incidence of cyclopia among sqt null embryos is modiﬁed by
genetic and environmental factors (Pei et al., 2007).
In addition to cyclopia, three low-incident phenotypes have been
reported in sqt mutants: ventralization of maternal-zygotic sqt
mutants (Gore et al., 2005; Hagos et al., 2007), defects in anterior
neural tube closure (Aquilina-Beck et al., 2007), and midline
bifurcations (MB) (Pei et al., 2007). Here we further characterize the
MB phenotype, focusing on its developmental onset and on the
modiﬁers inﬂuencing its incidence. Unlike cyclopia and HPE, we do
not recognize a homology between MB in zebraﬁsh and any speciﬁc
human developmental anomaly. However in general terms we note
that aberrancies in dorsal midline closure underlie neural tube defects
202 W. Pei, B. Feldman / Developmental Biology 326 (2009) 201–211(NTDs; OMIM #182940), which comprise a signiﬁcant fraction of
human developmental disorders. Similar to HPE, NTDs are complex
traits with multifactorial etiology.
We ﬁrst observe bifurcations during early segmentation, at
embryonic sites displaying an earlier reduction of wnt5b. Consistent
with this, reduction of Wnt5b, which is required for normal
convergence (Kilian et al., 2003), increases the incidence of MB in sqt
mutants without concomitantly affecting cyclopia. By contrast, some
previously characterized cyclopia risk factors, such as heat, Hsp90a
reduction and loss of Sqt itself contribute to both phenotypes, while
others, namely Hsp90b reduction and Wnt11 reduction affect only
cyclopia (Heisenberg and Nusslein-Volhard, 1997; Pei et al., 2007).
Materials and methods
Embryology and husbandry
The sqthi975 allele (Amsterdam et al., 2004) was introduced into our
laboratory as three distinct clutches from related heterozygous
parents in the Hopkins lab (MIT). The sqtcz35 allele used in this study
was described previously (Feldman et al., 1998; Pei et al., 2007).
Homozygous sqthi975/hi975 and sqtcz35/cz35 progeny were identiﬁed by
genotyping as previously described and have been maintained
thereafter for up to four generations by incrossing between these
homozygous founders and/or their progeny. MZoep embryos were
prepared as previously described from the oeptz57 mutant allele
(Gritsman et al., 1999). All embryos were obtained by natural crosses
and staged according to The Zebraﬁsh Book (Westerﬁeld, 1994). Unless
otherwise indicated,MZsqt embryos used in this study had the sqthi975
allele. Whole-mount in situ hybridization was done as previously
described (Thisse and Thisse, 1998). For histology analysis, wild type
andMZsqthi975/hi975 embryoswere heat treated at 34 °C for 22 h starting
at the 64-cell stage, and then cultured at the standard temperature
(28 °C) for 48 h. ThreeMZsqthi975/hi975 embryos with MB and two wild
type embryos were used for parafﬁn embedding followed by
transverse sectioning and hematoxylin and eosin (H and E) staining
(American HistoLab, Gaithersburg, MD).
Microinjection
All microinjections were performed in one- to four-cell stage
embryos. For the Hsp90 inhibitory drug experiment, wild type and
MZsqthi975/hi975 embryos were injected with 0.7 nl of 27 mM radicicol
in DMSO, 0.7 nl of 0.5 mM geldanamycin in DMSO, or with 0.7 nl
DMSO alone. For the morpholino (MO) injections, wild type,
MZsqthi975/hi975 and MZoep embryos were used. The morpholino
sequences and injection doses were as follows: Hsp90a MO: 5′
CGCTGTATTTCCTCTTCTCCACCTG 3′; injection dose 3 ng. Hsp90b MO:
5′ TCAGGCATCTTGGTTAGTTTCGTTG 3′; injection dose 3 ng. Wnt5b
MO: 5′ GTCCTTGGTTCATTCTCACATCCAT 3′ (Lele et al., 2001); injection
dose 6 ng. Wnt11 MO: 5′ GTT CCT GTA TTC TGT CAT GTC GCTC 3′;
injection dose 0.5 ng (Matsui et al., 2005). A standard morpholino was
used as a general morpholino toxicity control (5′ CCTCTTACCTCAGT-
TACAATTTATA 3′) and was injected at equivalent doses.
Heat treatment
Two methods were used for heat treatment. The ﬁrst method was
used for treating small number of embryos and reported previously
(Pei et al., 2007). Brieﬂy, 4mlWheaton glass vials were ﬁlledwith 2ml
of egg water and up to 12 embryos. The vials were ﬂoated upright by
tightly inserting their openings into Styrofoam racks and ﬂoated in a
34 °C water bath. The second method was used for treating a large
number of embryos. Up to 50 embryos were transferred into 40 ml of
34 °C pre-warmed egg water in 100 ml glass beakers. The beakers
were then ﬂoated in a plastic rack in a 34 °C water bath.Cell labeling and time-lapse recording
Wild type and MZsqthi975/hi975 embryos were heat treated at 34 °C
starting at the 64-cell stage until the shield stage. The embryos were
then dechorionated and stained with N-(4,4-diﬂuoro-5,7-dimethyl-4-
bora-3a,4a-diaza-s-indacene-3-pentanoyl)sphingosine (ﬂuorescent
bodipy ceramide) with all the buffers pre-warmed at 34 °C. The stained
embryos were embedded in 0.15% low-melting agarose in
0.3×Danieau's buffer, and further cultured at 34 °C in an air-chamber
incubator for time-lapse recording and intermittently photographed at
room temperature. For photographicmonitoring by time lapse, embryos
oriented with their dorsal views were selected and intermittently
imaged by ﬂuorescent optical sections as well as by differential
interference contrast, using a Zeiss LSM-510 Meta confocal microscope.
Canonical Wnt signaling activity assay
Wild type and MZsqthi975/hi975 embryos were used to measure
canonical Wnt/β-catenin signaling activity using the TCF/LEF reporter
assay. For the heat treatment experiment, six embryos per data point
were injected with 23 pg of reporter plasmids (pLEF-luc and pRL-CMV
at a ratio of 10:1 w/w), and cultured at standard (28 °C) or heated
(34 °C) conditions starting at the 64-cell stage. For Wnt5b MO
injection experiments, six embryos per data point of wild type and
MZsqthi975/hi975 embryos were co-injected with 6 ng of Wnt5b MO and
23 pg of the reporter plasmids mentioned above. All injected embryos
were lysed at the bud stage and assayed for luciferase activity with the
Dual-luciferase reporter system (Promega).
Phenotype scoring and statistical analysis
Embryos were examined and scored on days 1–2 post fertilization
for relevant phenotypes. Statistical analysis was performed by chi-
square analysis (http://www.psych.ku.edu/preacher/chisq/chisq.htm)
to calculate the p values between the numbers of embryos scored as
wild type (WT) vs. MB under various conditions.
Results and discussion
Midline bifurcation — a rare squint phenotype
We previously reported MB as a novel but infrequent phenotype
seen in heat-treated maternal-zygotic sqt (MZsqt) embryos (Pei et al.,
2007). MBs consist of a split in the dorsal midline on day two, typically
within the trunk region, such that somites are present on both sides of
the bifurcation. In this paper we examine the nature and origin ofMBs,
using fertile adult sqt null parents to breed clutches of homozygous
null MZsqt embryos (Aoki et al., 2002; Pei et al., 2007).
We ﬁrst note that MB can also arise in MZsqt embryos at normal
temperatures. We scored 3887 embryos from 42 pairs of MZsqt
crosses. 4% of otherwise normal (Figs. 1C–C″) or cyclopean embryos
(Figs. 1D–D″) displayed MB, while 8% displayed cyclopia (Figs. 1B–B″)
alone and 88% appeared completely normal (Figs. 1A–A″). The
bifurcations vary in size, with some spanning 1–2 somites along the
anterior–posterior axis (e.g. Figs. 1D–D′), and others spanning more
than a dozen somites (e.g., Figs. 1C–C′).
Secondly, we note that the tendency for embryos to develop MB
depends on their parents. Out of the 42 parental pairs studied, only 6
pairs produced embryos with MB. The frequency of MB and cyclopia
were relatively constant on repeat crosses (Fig. 1E), as we have
previously noted for cyclopia (Pei et al., 2007). This reproducibility of
distinct transmission rates suggests a role for background genetic
modiﬁers (or “risk factors”) of MB that vary between parental pairs.
A third ﬁnding is that MB tends to arise in the context of higher
cyclopia rates. The average cyclopia rate among progeny of the 6 pairs
that yielded embryos with MB was 32% (n=513), compared to 4.3%
Fig. 1. Spontaneous midline bifurcations among MZsqt embryos. (A–D) Various morphological phenotypes observed in MZsqt embryos. Four classes of embryos were observed in
MZsqt embryos on 1 day post fertilization: normal-appearing embryos (A–A″), cyclopean embryos (B–B″), MB embryos (C–C″) and embryos with cyclopia and MB embryos (D–D″).
The images in the central column (′) are magniﬁcations of the boxes in the left column. The asterisks (⁎) label the bifurcated areas. The right hand column images (″) are frontal views
of the same specimen. (E) Parental genetic background inﬂuences the incidence of MB manifestations. Repeat crosses were performed with four pairs of MZsqt parents. Embryo
numbers are shown and the percentages of each embryonic phenotype indicated: normal appearing (white); cyclopia alone (green); MB alone (red) and MB+cyclopia (yellow). Pair
1, representative of the typical phenotypic spectrum, produced embryos with cyclopia but no MB. However, pairs 2 to 4 reproducibly yielded the MB phenotype.
203W. Pei, B. Feldman / Developmental Biology 326 (2009) 201–211(n=3374) among the 36 pairs that did not yield embryos with MB. At
the level of individual embryos there is also a strong concordance of
MB with cyclopia (Fig. 1E, yellow category). However a number of
embryos also display MB and no cyclopia (Figs. 1C and E, redcategory). The overall low rate of MB in MZsqt embryos suggested to
us that, like human HPE and cyclopia in sqt mutants, MBs are caused
by synergies between multiple genetic and environmental risk
factors.
204 W. Pei, B. Feldman / Developmental Biology 326 (2009) 201–211Synergy of squint and temperature in MB production
One such risk factor is heat, which modulates the incidence of
cyclopia and can also induce MB inMZsqt embryos (Pei et al., 2007). To
more precisely characterize how heat inﬂuences the incidence of MB,
we performed a series of temperature shift experiments. We found
that a short heat treatment – 1 h at 34 °C starting at the 256-cell stage,Fig. 2. Overnight heat treatment reliably induces midline bifurcations in MZsqt embryos.
treatment caused no signiﬁcant defect in WT embryos (A), but led to the MB phenotype in
trunk to the hindbrain, as demarcated by the otic vesicles (arrows) (B). Weaker MBs were
increases MB incidence in MZsqt embryos. WT and MZsqthi975/hi975 (D) or MZsqtcz35/cz35 (E)
starting at the 64-cell stage, then scored for the MB phenotype on 1 day post fertilizatio
embryos (p=3.00E−08), or control and heated MZsqtcz35/cz35 embryos (p=0.00126). (F) Ear
several crosses were heated overnight, beginning at the indicated stages and scored for th
Percentages for each phenotype are indicated: normal appearing (white); cyclopia alone (which increases cyclopia rates dramatically – did not increase MB
incidence (data not shown). Heat treatment for 6 h, beginning at the
64-cell stage, gave rise to a low incidence of MB in some clutches of
embryos (data not shown), and an overnight (22 h) heat treatment
substantially increased the incidence and severity of MB (Figs. 2B–D).
No MB was seen among identically-treated wild type (WT) embryos
(Figs. 2A, D, E). Thus, both cyclopia and MB are synergistically(A–C) Embryonic phenotypes after overnight heat treatment. Overnight (22 h) heat
a fraction of MZsqt embryos from every cross tested. Severe MBs extended from the
limited to the trunk (C). Arrows point to otic vesicles. (D–E) Overnight heat treatment
embryos were cultured under standard conditions (28 °C) or heated (34 °C) overnight
n. A signiﬁcant difference was observed between control and heated MZsqthi975/hi975
ly initiation of heat treatment is required to induce MB. MZsqt embryos pooled from
e MB phenotype on 1 day post-fertilization. Numbers of embryos scored are shown.
green); MB alone (red) and MB+cyclopia (yellow).
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the higher rate of MB in overnight heat-treated samples represents a
reduction in the recovery rate, and that the induction of MB occurs
prior to 5 hpf.
The synergy of overnight heat exposure and loss of Sqt is quite
robust; we observed embryos with MB in every 64-cell through
overnight heated clutch from sqt−/− parents we scored, including
parents carrying the sqtcz35 allele (Fig. 2E). This association of MB with
either the sqthi975 allele or the sqtcz35 allele that has formally been
proven to be null (Bennett et al., 2007), adds weight to our argument,
published elsewhere (Pei et al., 2007), that sqthi975 is also null.
We also could produce MB in heat-treated progeny of hetero-
zygous sqtcz35/+mothers crossed with homozygous sqthi975/hi975 fathers
from entirely different genetic backgrounds (data not shown). This
indicates that MB is not dependent upon the loss of maternal Squint or
on background-associated homozygous recessive mutations. Over-
night heat treatment did not induce MB in embryos depleted for the
Nodal-related ligand Cyc, either genetically (cycm294/m294 homozy-
gotes; Schier et al., 1996) or using amorpholino (Karlen and Rebagliati,Fig. 3. Inhibition of Hsp90 function increases the incidence of midline bifurcations. (A–D) P
MZsqt embryos were injected with 0.7 nl of either 27 mM radicicol in DMSO or DMSO o
caused no signiﬁcant defects in bothWT (A) andMZsqt embryos (C). Injection of radicicol in W
MZsqt embryos, caused these same defects, but also induced cyclopia (image not shown) and
radicicol. Numbers of embryos scored are shown and correspond to a highly signiﬁcant differ
(F–I) Phenotypes of the embryos injectedwith an Hsp90aMO.WTandMZsqt embryos were in
phenotype on 1 day post fertilization. The control MO caused no obvious defects in WT (F) or
including dark heads and very short tails, but no MB phenotype was seen (G). Injection of th
(image not shown) and MB (I). (J) Incidence of cyclopia and MB amongWTandMZsqt embryo
to a highly signiﬁcant difference (p=0.000001) in the MB rates of control and HSP90a MO-in
(white); cyclopia alone (green); MB alone (red) and MB+cyclopia (yellow).2001) (data not shown), suggesting that MB reﬂects a particular
requirement for Sqt activity.
An explanation for why Sqt but not Cyc protects against MB could
be that Nodal activity is required prior to the mid-blastula stages,
when Squint is the only Nodal expressed (Rebagliati et al., 1998).
Consistent with this idea, we were only able to produce MB via
overnight treatment of MZsqt embryos when heat was initiated prior
to 5 hpf (40% epiboly) (Fig. 2F). To explain these various ﬁndings, we
propose that early heat treatment initiates events leading to MB by
disrupting processes or factors that are normally protected by Sqt, and
that later-stage heat prevents recovery from this initial insult.
Inhibition of Hsp90 activity promotes midline bifurcations in
MZsqt embryos
Hsp90 has been found to modify phenotypic expression in the
sense that its removal can uncover phenotypes caused by mutations
that would otherwise be silent. This has been observed in various
model organism contexts (Queitsch et al., 2002; Richter and Buchner,henotypes of embryos injected with the Hsp90-inhibitory chemical radicicol. WT and
nly, and scored for the MB phenotype on 1 day post fertilization. Injection of DMSO
T embryos caused slightly dark, small heads and short tails (B). Injection of radicicol in
MB (D). (E) Incidence of cyclopia and MB among WT andMZsqt embryos injected with
ence (p=0.000484) in the MB rates of DMSO and radicicol treatedMZsqt embryo groups.
jectedwith 3 ng of either control MO or an Hsp90a-targetingMO, and scored for theMB
MZsqt embryos (H). Injection of Hsp90a MO intoWTembryos generated severe defects,
e Hsp90a MO intoMZsqt embryos, caused these same defects, but also induced cyclopia
s injected with the Hsp90a MO. Numbers of embryos scored are shown and correspond
jectedMZsqt embryos. Percentages for each phenotype are indicated: normal appearing
206 W. Pei, B. Feldman / Developmental Biology 326 (2009) 201–2112001; Rutherford and Lindquist, 1998; Sangster et al., 2004) including
our own observed increase of cyclopia in MZsqt embryos subjected to
Hsp90 disruption (Pei et al., 2007). Given that Sqt disruption and heat
are shared risk factors forMB and cyclopia,we also examined the effect
of Hsp90 disruption onMB. There are twoHsp90 paralogs in zebraﬁsh:
Hsp90a and Hsp90b. The incidence of MB in MZsqt embryos was
indeed increased when both Hsp90s were targeted with the drug
radicicol (Figs. 3A–E) or by injection of an antisense morpholino
oligonucleotide targeting Hsp90a (Figs. 3F–J). This increase in MB was
seen above the background of standard loss of Hsp90 phenotypes seen
both in WT and MZsqt embryos, namely: shortened axes, small heads
and dark regions in the heads of Hsp90a morphants, which
presumably demarcate regions of cell death. Thus, Hsp90a is amodiﬁer
of both MB and cyclopia incidence in MZsqt embryos. We do note,
however, that we were unable to increase MB rates in MZsqt embryos
with an antisense morpholino oligonucleotide against Hsp90b or the
Hsp90-targeting drug geldanamycin (data not shown) although these
treatments increased cyclopia (Pei et al., 2007). The ability of Hsp90a
MOs but not Hsp90b MOs to induce MB could relate to the fact that
hsp90a mRNA, but not hsp90b mRNA, is enriched in the paraxial
mesoderm, which ﬂanks the sites of MB (Du et al., 2008; Etard et al.,
2007). Regarding the differences between radicicol and geldanamycin,
we do not have a precise explanation, but note that radicicol has been
reported to out-perform geldanamycin in other contexts, for instance
in its unique ability to buffer oxidative stress in human retinal pigment
epithelial cells (Ryhanen et al., 2008; Sano, 2001).
Tissue on both sides of midline bifurcations acquires midline identity
We performed in situ marker analysis to determine which tissue
markers are expressed in and around MBs. For these studies, we heat
treated MZsqt progeny to obtain a sufﬁcient number of specimens.
Two questions this study addressed are whether complete midline
speciﬁcation occurs in the context of MB and, if so, whether suchFig. 4. Tissue on both sides of midline bifurcations acquires midline identity. (A)Whole-moun
(22 h) starting at the 64-cell stage and ﬁxed on 1 day post fertilization for whole-mount i
Histological sections of WT and MB embryos. WT and MZsqt embryos were heat treated
paraformaldehyde, parafﬁn embedded, sectioned (5 um/section) and stained with hemato
embryo (C) are indicated. Apostrophes (') indicate the sections from the same specimen. Arspeciﬁcation is limited to one side of the bifurcation? We found that
tissue on both sides of bifurcations express all dorsal midline markers
we tested (Fig. 4A). We detected shh (Strahle et al., 1996) and col2α1
(Yan et al., 1995), indicating that ﬂoor plate identities are intact. We
also detected patchy expression of ntl (Schulte-Merker et al., 1994) on
both sides of bifurcations, indicating that notochord identity arises,
but not consistently. Somites on both sides of bifurcations express the
early muscle marker myod as normal (Weinberg et al., 1996), and
ncam (Mizuno et al., 2001) expression on both sides of bifurcations
conﬁrms that neural speciﬁcation is intact (Fig. 4A).
To better visualize MB architecture, we prepared transverse
sections, revealing the clear presence of duplicated guts and neural
tubes on both sides of the bifurcation (Fig. 4C′). Thus, tissue on each
side of MB displays a full spectrum of midline fates. What of the tissue
within the bifurcations? If MB were akin to spina biﬁda (OMIM:
#182940), as previously reported in sqt mutants (Aquilina-Beck et al.,
2007) as well as another zebraﬁsh model (Sumanas et al., 2005), one
would expect the tissue within the lesion to be neural, yet neither
neural markers (ncam, col2a1 or shh) nor other markers (myod and
ntl) were detected.
Midline bifurcations arise after the completion of gastrulation
To determine when and where MBs ﬁrst arise, we imaged ﬁfteen
heat-treated MZsqt embryos vitally stained with ﬂuorescent bodipy
ceramide at multiple stages of development, and eleven were
observed to form MB. Each of these embryos completed gastrulation
normally and MB was not detectable until the bud stage (7/11
embryos — Figs. 5I–I′) or later at the 7-somite stage (4/11 embryos —
Figs. 5E–H). Careful examination of the region inside MBs reveals
cell–cell boundaries typical of large enveloping-layer (EVL) cells with
no labeling of smaller deep layer (DEL) cells (Figs. 5F–H). In other
instances, EVL-sized cells within MBs were cytoplasmically-labeled,
but labeling of DEL-sized cells was similarly absent (Fig. 5I). In furthert in situ analysis of gene expression.WTandMZsqt embryoswere heat treated overnight
n situ analysis. All embryos are oriented with a dorsal view, anterior on the left. (B–C)
for 22 h starting at the 64-cell stage and then reared for 2 more days, ﬁxed with 4%
xylin and eosin. The approximate section sites for the WT embryo (B) and the MZsqt
rows indicate neural tubes. Arrowheads indicate guts.
Fig. 5. Time-lapse imaging of midline bifurcation formation and recovery. Embryos vitally-stained with ﬂuorescent bodipy ceramide were mounted in soft agarose and incubated at
34 °C except for ∼ 15 minute interruptions at room temperature (∼22 °C) for microphotography, performed every ∼2 h. (A–D) Midline formation in heated WT embryos. Heated WT
embryos developed well-deﬁned dorsal midlines during the recording. (E–L) Midline formation in two heatedMZsqt embryos. (E–H) MZsqt #1 embryos formed a large bifurcation,
ﬁrst visible at the 7-somite stage. (I–L)MZsqt #2 embryos displayed a small bifurcation, ﬁrst visible at the bud stage (I), which recovered by the 12-somite stage (K). Because embryos
were incubated and photographed at temperatures (34 °C and 22 °C) causing distinct developmental rates, the indicated stages are based on morphology, rather than time.
Apostrophes (') indicate bright ﬁeld images of the same specimen. Dorsal views are given throughout, with the anterior to the right.
207W. Pei, B. Feldman / Developmental Biology 326 (2009) 201–211support of the EVL being intact in MBs, expression of the EVL marker
Type I cytokeratin was unperturbed in all bud-stage heat-treated
MZsqt embryos we examined (data not shown). We conclude that
newly-formed MBs are characterized by a local deﬁciency of DEL cells
with the EVL layer intact.
Live imaging also revealed a high incidence of recovery, whereby
MBs gradually close and heal, a process that we observed in 8 of the 11
embryos that displayed MB (Figs. 5J–L). This healing would explain
why DEL cells are seen throughout the sectioned MB in Fig. 4C. The
high incidence (11 of 15) of MB formation and recovery (8 of 11) also
supports our earlier hypothesis that effective recovery decreases ﬁnal
MB rates of embryos subjected only to early heat.In summary, our in vivo experiments show that MBs ﬁrst arise
during early segmentation, that EVL cells remain intact above
bifurcations and that there is a high incidence of recovery. Because
we did not capture the moment of MB formation, we could not
distinguish whether MBs arise via a local separation of DEL cells or via
a failure to deliver sufﬁcient numbers of DEL cells to the embryo's
dorsal side.
Dorsal gaps in wnt5b and ntl expression precede MB formation
MB has broad similarities to human dysmorphological syndromes
such as spina biﬁda, that are considered to be closure defects. To
208 W. Pei, B. Feldman / Developmental Biology 326 (2009) 201–211explore the possibility of an underlying convergence defect, we
examined expression ofwnt5b/pipetail, a non-canonical Wnt signaling
ligand that is essential for convergencemovements (Kilian et al., 2003;
Marlow et al., 2004; Matsui et al., 2005). Of particular interest,wnt5b/Fig. 6. wnt5b and no tail expression prior to formation of midline bifurcations. (A–X) wnt5b (
MZsqt embryos. Embryos were cultured at 28 °C or heated (34 °C) starting at the 64-cell sta
wnt5b expression was seen between control and heated WT embryos at all tested stages. Ho
all stages tested. Similarly, no differences in ntl expression was seen between control and he
control MZsqt embryos. Heated MZsqt embryos display further reduced dorsal expression
expression is often seen at the bud stage (X). Embryo orientations: 40% epiboly, animal pole
vegetal pole view, dorsal on the right for wnt5b embryos and dorsal view, animal pole on th
WTandMZsqt embryos injected with 23 pg of reporter plasmids were reared at 28 °C or heat
assay. Average values and standard deviations from triplicate experiments are shown.pipetail mutants sometimes display a “split somite” defect that
strongly resembles MB (Westfall et al., 2003a; Westfall et al., 2003b).
We found that wnt5b expression was speciﬁcally reduced in dorsal
domains of heat-treated MZsqt gastrulas, and we propose that theseA–L) and ntl (M–X) expression during gastrulation of standard and heat-treated WT and
ge and then ﬁxed at different stages for whole-mount in situ analysis. No difference in
wever, heatedMZsqt embryos showed reduced wnt5b expression in the dorsal region at
ated WT embryos at all stages. However, reduced dorsal expression of ntl is obvious in
of ntl at the 40% epiboly stage (P) and the 75% epiboly stage (T), and bifurcated ntl
view, dorsal on the right; 75% epiboly, dorsal view, animal pole on the top; bud stage,
e top for ntl embryos. (Y) Up-regulated Wnt/β-catenin signaling in heated MZsqt embryos.
ed (34 °C) starting at the 64-cell stage and lysed at the bud stage for the TCF/LEF reporter
209W. Pei, B. Feldman / Developmental Biology 326 (2009) 201–211dorsal domains are the sites of futureMBs (Figs. 6A–L).We observed no
heat- or Sqt-dependent changes in the expression of another Wnt
family member, wnt11 (data not shown), which is expressed in the
dorsal anterior of gastrula-stage embryos (Heisenberg et al., 2000).
wnt5b/pipetail has been shown to genetically interact with the T-
box gene no tail (ntl) (Marlow et al., 2004) and early dorsal gaps in no
tail expression have previously been reported in sqt;cyc double
mutants (Feldman et al., 1998). Accordingly, we also examined ntl
expression in heat-treated MZsqt embryos and found that it was
reduced on the dorsal side of all MZsqt embryos, and typically absent
on the dorsal side of heat-treated MZsqt embryos (Figs. 6M–X). This
raises the possibility that MB is induced by the combinatorial loss of
both Ntl and Wnt5b. wnt5b and ntl gaps were observed in the vast
majority of heat-treated MZsqt embryos, whereas only about threeFig. 7.Wnt5b uniquely modiﬁes midline bifurcation incidence; Wnt11 uniquely modiﬁes cyc
MO did not cause obvious defects in either WT embryos (A),MZsqt embryos (C) or MZoep em
embryos (D); however, it also caused MB in MZsqt embryos (D) and MZoep embryos (F). (
Signiﬁcant differences were observed in the MB rates of control MO versus Wnt5b MO-inj
embryos (p=0.04068), but no signiﬁcant differences were seen in the cyclopia rates of contr
had cyclopia. (H) Quantiﬁcation of increased cyclopia in Wnt11 MO-injectedMZsqt and WT e
Wnt11 MO-injectedMZsqt (p=0.0002) and control MO versus Wnt11 MO-injected WT (p=0.
embryos scored are shown and embryo percentages are indicated as follows: normal appeaquarters of the embryos we live imaged developed MB, with most
recovering, and a much smaller fraction of the heat-treated MZsqt
embryos we documented at later stages displayed MB. This indicates
(1) that a fraction of embryos with gaps in wnt5b or ntl expression
never form bifurcations, and (2) that recovery is quite frequent, as also
observed in our live imaging (Fig. 5).
To obtain ameasure of how the local reduction ofwnt5b transcripts
might affect Wnt signaling at the global level, we employed a
functional assay. Non-canonical Wnt signaling by factors such as
Wnt5b is thought to negatively regulate canonical Wnt/β-catenin
signaling, seen for instance by increased β-catenin expression and
increased expression of boz in wnt5b/ppt mutants (Slusarski et al.,
1997; Westfall et al., 2003a; Westfall et al., 2003b). We measured the
Wnt/β-catenin signaling activity of heat-treated MZsqt embryos andlopia incidence. (A–F) Phenotypes of Wnt5b MO-injected embryos. Injection of a control
bryos (E). Injection of 6 ng of a Wnt5b MO caused shortened tails in WT (B) and MZsqt
G) Quantiﬁcation of increased MB in Wnt5b MO-injected MZsqt and MZoep embryos.
ected MZsqt embryos (p=0.00005) and control MO versus Wnt5b MO-injected MZoep
ol MO versus Wnt5b MO-injectedMZsqt embryos (p=0.90922), and all MZoep embryos
mbryos. Signiﬁcant differences were observed in the cyclopia rate of control MO versus
00066) embryos, but MB was not seen in any Wnt11 MO injected embryos. Numbers of
ring (white); cyclopia alone (green); MB alone (red) and MB+cyclopia (yellow).
210 W. Pei, B. Feldman / Developmental Biology 326 (2009) 201–211controls, using a TCF/LEF luciferase reporter system, and detected a
substantial increase of Wnt/β-catenin activity speciﬁcally in heated
MZsqt embryos (Fig. 6Y). This increase is consistent with the
hypothesis that reductions in wnt5b expression cause a global
reduction in non-canonical Wnt signaling in heated MZsqt embryos.
Decreased Wnt5b signaling increases midline bifurcation incidence
Tomore directly assess whether loss ofWnt5b synergizes with loss
of Sqt, we injected MZsqt embryos with an antisense morpholino
oligonucleotide targeting Wnt5b translation (Lele et al., 2001).
Injection of the Wnt5b MO into WT embryos caused shortened axes
and curled tails (Fig. 7B). Injection of the Wnt5b MO into MZsqt
embryos caused the same phenotypes, but also induced MB (Figs. 7D,
G). Interestingly, and distinct from heat and Hsp90 perturbations,
these Wnt5b alterations caused no change in the rate of cyclopia (Fig.
7G). As a point of comparison, we also injected WT and MZsqt
embryos with a Wnt11 MO. Wnt11 MO injection caused cyclopia in
WT embryos, consistent with the reported phenotype of wnt11/
silberblick mutants (Heisenberg and Nusslein-Volhard, 1997), and
increased the incidence of cyclopia in MZsqt embryos (Fig. 7H),
consistent with the previously reported synergy of sqt and wnt11/
silberblick (Heisenberg and Nusslein-Volhard, 1997). However no MB
was seen in either WT orMZsqt embryos injected with the Wnt11 MO
at this dose (0.5 ng/embryo; Fig. 7H) nor at a higher dose (1.5 ng)
where N95% cyclopia is seen inMZsqt embryos (n=36), suggesting loss
of Wnt11 exclusively modiﬁes cyclopia.
Based on our data, we conclude that insults in two major
embryonic pathways, Nodal signaling (Sqt) and non-canonical Wnt
(Wnt5b), synergize to produce a speciﬁc phenotype (MB). This led us
to wonder whether MB is simply the product of two gastrulation
movement deﬁciencies: convergence, which requires non-canonical
Wnt signaling, and internalization, which requires Nodal signaling. If
this were the case, depletion of Wnt5b in embryos completely
deﬁcient for internalization should lead to increased incidence of MB.
To address this question, we knockedWnt5b down inMZoep embryos,
which do not undergo internalization because they suffer a complete
loss of Nodal signaling (Gritsman et al., 1999). We observed MB in
Wnt5b-depleted MZoep embryos at rates comparable to Wnt5b-
depletedMZsqt embryos (Figs. 7F and G), indicating that MB is not the
result of a simple compounding of defective gastrulation movements.
Since the principle difference between MZsqt and MZoep embryos is
the additional absence of Cyc signaling, these results also lend support
to our argument that MB is speciﬁcally induced by loss of Sqt, with its
early signaling, and not by loss of Cyc. BecauseMZoep embryos do not
form endoderm or non-tail mesoderm (Gritsman et al., 1999), the
development of MB in Wnt5b-depleted MZoep embryos also reveals
that MB is independent of local mesendoderm differentiation, such as
trunk somite formation (Fig. 7F).
In summary, we have provided evidence that under enhanced
conditions (heatedMZsqt embryos), MB occurs frequently, is preceded
by a regional decrease in wnt5b expression, and frequently recovers.
We have demonstrated that MZsqt mutant embryos are an excellent
system for elucidating biological principles underlying complex
disease. We have used this system to discern shared and unique
classes of genetic and environmental risk factors underlying two
complex phenotypes. Of particular interest is the speciﬁc intersection
of insults in the Nodal and non-canonical Wnt pathways in the
production of MB.
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